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Cell differentiation in developing tissues is controlled by a small set of signaling pathways, which
must coordinate the timing and levels of activation to ensure robust and precise outcomes. Highly
coordinated activation of signaling pathways can result from cross-regulatory interactions in multi-
pathway networks. Here we explore the dynamics and function of pathway coordination between
the EGFR and DPP pathways during Drosophila wing-vein differentiation. We show that
simultaneous activation of both the EGFR and DPP pathways must be maintained for vein cell
differentiation and that above-threshold ectopic activation of either pathway is sufﬁcient to drive
vein cell differentiation outside the proveins. The joint activation of the EGFR and DPP signaling
systems is ensured by a positive feedback loop, in which the two pathways stimulate each other at
the level of ligand production.
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Introduction
The idea that switch-like transitions in positive feedback
systems can control cell differentiation goes back almost half a
century to the seminal paper by Monod and Jacob (1961). In
thesimplestmodelforswitch-likedynamics,positivefeedback
generates bistability, a regime where transient stimuli can
switch the system between two stable steady states (Ferrell,
2002). Mathematical analysis of bistability is quite advanced,
but there have been just a few experimental studies
unambiguously connecting bistability to cell differentiation
(Xiong and Ferrell, 2003; Angeli et al, 2004; Laslo et al, 2006;
Ingolia and Murray, 2007; Paliwal et al, 2007). Studies on
positive feedback loops are especially challenging in develop-
ing tissues, because of the relative difﬁculty of implementing
the quantitative spatiotemporal perturbations that can probe
the possible dynamic regimes (Freeman and Gurdon, 2002).
Previous studies of spatial bistability in Drosophila have been
limited to special contexts (the syncytial embryo) (Lopes et al,
2008), or, for cellular tissues, inferred indirectly (Wang and
Ferguson, 2005; Serpe et al, 2008). Although the connections
that form the positive feedback circuit can be deduced from
genetic studies and biochemical experiments, information
about the feedback architecture alone is not sufﬁcient to
determine whether the closed-loop system operates in a
bistable regime (Angeli et al, 2004; Li and Carthew, 2005;
Mikeladze-Dvali et al, 2005; Ingolia and Murray, 2007).
Indeed, an isolated positive feedback module might function
either reversibly or as a hysteretic switch, depending on the
choice of network parameters, such as the gains of the
feedback connections as well as the relative time scales of the
pathways (Ferrell and Xiong, 2001; Angeli et al, 2004; Ingolia
and Murray, 2007).
Here we show how bistability emerges from the self-
sustaining interactions of the highly conserved epidermal
growth factor receptor (EGFR) and decapentaplegic (DPP)
signaling pathways during the patterning of the Drosophila
wing, an established model for studying the connections
between signaling and cell differentiation (de Celis, 2003;
Blair, 2007). Previous loss-of-function experiments using a
vein-speciﬁc expression system suggested that the EGFR and
DPP pathways form a positive feedback loop, and that DPP
signaling has a central role in vein fate induction (Sotillos and
De Celis, 2005). Using a combination of genetic and imaging
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equally essential. Thus, vein differentiation requires sustained
activation of both pathways. This high level of activation can
be interpreted as the ‘on’ state of an inter-pathway positive
feedbackloop, whereby theEGFRand DPP systems operate on
similar time scales and cross-activate each other at the level of
ligand production.
Results and discussion
Vein differentiation depends on the joint action
of the EGFR and DPP pathways
Around 22h after puparium formation (APF) (Yu et al, 1996;
de Celis, 1997; Guichard et al, 1999; Martin-Blanco et al, 1999;
Sotillos and De Celis, 2005), phosphorylated MAD (pMAD),
which marks DPP activity, and doubly phosphorylated ERK
(dpERK), which provides a readout of EGFR activity,
co-localize in the provein cells of pupal wing discs (Guichard
et al, 1999; Martin-Blanco et al, 1999; Conley et al, 2000)
(Figure 1A–C). Both pathways are required for vein
differentiation, as inhibition of either of them by expressing
a dominant-negative form of the receptors leads to the
cell-autonomous loss of vein cell fate (Figure 1D and E) (de
Celis, 2003; Blair, 2007). Previous studies led to a model in
whichEGFR signalingis spatiallyrestrictedtotheproveincells
by the Notch pathway (de Celis et al, 1997), and then interacts
with the DPP pathway, which provides a direct input for vein
cell differentiation (Sotillos and De Celis, 2005).
Although the activation of either of the two pathways can
induce ectopic veins (Table I; Supplementary Figure S1), it has
been proposed that the DPP pathway alone is sufﬁcient for
vein differentiation, and that the EGFR pathway is required
mainly to maintain the high level of DPP signaling (de Celis,
1997). This model predicts that the DPP pathway should
induce vein cell fates even when the EGFR signaling is
inhibited. To verify this, we examined the consequence of
simultaneously expressing a constitutively active component
of DPP signaling (TKV
QD) and a dominant-negative variant of
EGFR, EGFR
DN, thus keeping one pathway (DPP) constitu-
tivelyactive,while repressingtheother pathway.Incontrastto
the results obtained upon expressing TKV
QD alone (Supple-
mentaryFigureS1A–C),co-expressingTKV
QDandEGFR
DNnot
only failed to induce ectopic vein cells, but also inhibited
endogenous vein formation (Figure 1F), suggesting that
activation of the DPP pathway alone is not sufﬁcient for vein
differentiation. A similar effect was observed on co-expressing
constitutively active DRAF (DRAF
DN) and the dominant-
negative form of the type-II DPP receptor (PUT
DI) (data not
shown). These results strongly support a model wherein the
vein-differentiation program requires the sustained activation
of both pathways (Supplementary Figure S2).
SimultaneousactivationoftheEGFRandDPPsystemscould
reﬂect the action of an upstream signal that controls both
pathways. Alternatively, the observed co-activation can result
from inter-pathway interactions. Our experiments support the
latter model. We found that ectopic activation of either of the
pathways led to a cell-autonomous increase in the production
of the other pathway’s ligand. In particular, the expression
of dpp–lacZ (dpp
P10638, a P-element enhancer trap at the dpp
locus; Supplementary Figure S3A) was strongly upregulated in
clones of cells expressing a constitutively active form of EGFR
(Queenan et al, 1997) (Figure 1G–I; Supplementary Figure
S3A–H). Furthermore, the DPP pathway similarly triggers
EGFR signaling by upregulating rhomboid (rho) expression, a
gene encoding a protease responsible for processing of the
secreted ligands that bind and activate EGFR (Urban et al,
2002). Consistent with the mutual cross-activation of both
pathways, we found ectopic and cell-autonomous rho–lacZ
expression in TKV
QD-expressing clones (Figures 1J–L and 3
I–S). These results identify an inter-pathway positive feedback
loop whereby the EGFR and DPP systems cross-activate each
other at the level of ligand production. This feedback loop can
account for the observed co-localization of EGFR and DPP
signaling in the provein cells (Figure 1A–C). Cell-autonomous
activation of the EGFR and DPP pathways suggests that the
spatial range of signaling is limited by negative feedback.
Previous work argues that this is true for DPP signaling
(Sotillos and De Celis, 2005) and is likely true for sSPI (Reeves
et al, 2005). Although the mechanism restricting the diffusion
of Vein has not been shown, negative feedback through Notch
signaling has an important role in downregulating EGFR
and DPP signaling in adjacent cells (de Celis et al, 1997)
(Supplementary Figures S4 and S5).
The EGFR–DPP positive feedback operates
in bistable regime
One of the possible functions of the EGFR–DPP feedback loop
is to generate bistability, but this regime will be realized only
for a subset of network parameters (Ferrell and Xiong, 2001;
Angeli et al, 2004). The ‘on’ state of the positive feedback in
the bistable regime would then maintain high levels of both
EGFR and DPP signaling. In the absence of positive feedback,
transient activation of any single pathway alone would be
reversible and insufﬁcient to ensure vein differentiation.
However, in the presence of positive feedback, a sufﬁciently
strong transient stimulation of either pathway might generate
long-term activation of both pathways, which, as discussed
previously, is a requirement for ensuring vein differentiation
(Figure 2A–C). It should be noted, however, that the presence
of the positive feedback motif is not sufﬁcient for bistability.
In vivo, the EGFR and DPP pathways are embedded in a more
complex network wherein additional interactions can either
suppressbistabilityorleadtomorecomplexdynamics,suchas
oscillations (Tyson et al, 2003).
To determine whether the EGFF–DPP feedback loop in vivo
operates in the bistable regime, we tested whether transient
activationofeithertheEGFRortheDPPpathwayinduceslong-
term activation of the coupled system. Long-term activation
can be assayed in the adult ﬂy (after eclosion, approximately
120h APF) by ectopic vein differentiation. We used the heat-
shock-driven GAL4–UAS system to transiently activate either
the DPP or the EGFR pathway by expressing tkv
QD or Draf
DN,
respectively, during early pupal growth. Although it is
currently impossible to study the protein perdurance for
TKV
QD and DRAF
DN, we examined the kinetics of GAL4
expression due to hsp-driven expression of GAL4 (Supple-
mentary Figure S6). For a 30-min heat shock at 371C,
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then decreases to the level of background ﬂuorescence
by 22h APF. We found that transient activation of either
pathway at 18h APF resulted in discrete ectopic vein
cells in the adult wing (Figure 2D–F), showing that transient
expression of TKV
QD or DRAF
DN can produce long-lasting
activation of both pathways in discrete cells, sufﬁcient for
inducing vein differentiation.
Transiently co-expressing a dominant-negative receptor for
the second pathway, such as in combinations of TKV
QD and
EGFR
DN or DRAF
DN and PUT
DI, respectively, not only resulted
in signiﬁcantly fewer ectopic veins, but also disrupted
endogenous vein formation (Figure 2D–F). Failure to induce
ectopic vein cell differentiation is consistent with a similar
effect observed in experiments in which the pathways were
perturbed in a persistent manner (Figure 1F). Thus, transient
activation of either pathway can induce an irreversible
transition from low to high signaling states in the DPP—
EGFR-positive feedback circuit, which in turn leads to vein
differentiation.
Symmetry constrains a model on positive
feedback between the EGFR and DPP pathways
The most striking result of the transient-activation assay is the
relative symmetry in the number of detected ectopic veins as a
function of heat-shock induction time between the DPP
Figure1 TheDPPandEGFRpathwaysarejointlyrequiredforveindifferentiationandreciprocallyinduceeachother’sligands.(A–C)Pupalwingsat22hAPFstained
for pMAD (green) and dpERK (red), with anterior (up) and distal (to the right), showing that both pMAD and dpERK are detected in the provein cells. 1–5, longitudinal
veinsL1–L5,andm,thewingmargin.(D)Flip-outclonesexpressingEGFR
DN-interruptedveinsL2,L3,andL4.(E)ExpressingPut
DIundercontroloftheengrailed–Gal4
(en–Gal4) driver, which is expressed only in the posterior compartment of the wing, caused loss of vein tissues. (F) An adult wing with truncated veins resulting from co-
expressingTKV
QDandEGFR
DN.Incontrasttothewingwithclonesexpressing TKV
QDalone(SupplementaryFigureS1A–C),few,ifany,ectopic veincellsareobserved
(data not shown). (G–I) Ectopic EGFR signaling induces dpp expression. dpp–lacZ expression (magenta in H and I) is detected in the EGFR
l-expressing clones.
(J–L) TKV
QD activates EGFR by inducing rho expression.
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growth in the number of ectopic veins and saturation levels of
ectopic differentiated vein cells is roughly similar for a given
duration of heat shock, which potentially provides insight into
the signaling dynamics of the coupled signaling system. As a
ﬁrst step towards exploring this effect, we analyzed a simple
mathematical model. As the effects of pathway cross-activa-
tion were found to be of cell-autonomous nature (Figure 1,
Supplementary Figures S1–S3), a lumped model is appro-
priate.
In the model, the two components, X and Y, correspond
to the DPP and EGFR signaling pathways, respectively
(Figure 2A). In the absence of stimuli, each signaling pathway
relaxes with a characteristic time constant (tX, tY), and
increases linearly in amplitude in response to an exogenous
input (UX, UY), corresponding to either constitutively active
Figure 2 Transient EGFR or DPP pathway activation leads to vein differentiation. (A) Model of vein differentiation, which depends on the joint activation of the EGFR
andDPPsystems andismediatedbypositive feedback.(B)Phaseplotshowingthree steadystatesmarked bywhitecircles (stable)orablackcircle (unstable).Thered
and blue lines are the nullclines. (C) Depending on network parameters, transient perturbations (left panel) can lead to irreversible switching from an ‘off’ to an ‘on’ state
(right panel). Parameters for (C): ux¼1, Dt¼2, a¼1, e¼1, and s1¼s2¼0.5. (D) Pupae were heat-shocked for 20min at 371C at 18h APF. Adult wings (left) of
indicated genotypes and a higher magniﬁcation of the boxed region (right) are shown. Transient expression of activated DPP signaling (TKV
QD) or activated EGFR
signaling (DRAF
DN) by heat shock-induced GAL4, resulted in the formation of ectopic vein cells (discrete darker spots). Transient co-expression of a dominant-negative
receptor, EGFR
DN or PUT
DI, suppressed the ectopic vein formation and disrupted the formation of endogenous veins (gap in L4). (E, F) Quantiﬁcation of ectopic vein
induction as a function of heat-shock duration of 18-h-APF pupae bearing hsp70–GAL4 and the indicated UAS transgenes.
Table I EGFR and DPP signaling are both required for vein differentiation
Background Effect on signaling  Effect on vein 
differentiation 
EGFR
DN clones Loss-of-function EGFR -
enGal4/UAS-put
DN Loss-of-function DPP -
Draf or EGFR
λclones Gain-of-function EGFR +
tkv
QDclones Gain-of-function DPP +
tkv
QD and EGFR
DN
clones
Gain (DPP) + Loss (EGFR) -
Draf and put
DNclones Gain (EGFR) + Loss (DPP)   -
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QD or EGFR
l, which can be switched on either transiently,
as in the heat-shock experiment, or in a sustained manner, as
in experiments with the en–GAL4 driver. Cross-activation of
either pathway is approximated as a non-linear step function
that is triggered when the other component is greater than a
certain threshold value (SXY, SYX). A step function was chosen
for the sake of simplicity to limit the number of parameters for
the model. Choosing a smoothly varying Hill function (n41)
does not signiﬁcantly change the results discussed below
(Supplementary Figure S7). The amplitude of cross-activation
of componentXbyYisgiven byAXand theamplitudeof cross-
activation of component Y by X is described by AY. The model
is described by the following equations:
dX=dt ¼ X=tX þ AXHðY   SXYÞþUX
dY=dt ¼ Y=tY þ AYHðX   SYXÞþUY
The maximal levels of X and Y in the absence of exogenous
inputs (UX¼UY¼0) are given by AXtX and AYtY, respectively.
Using theseto rescale thelevelsof XandY,rescalingtimeby tX
(t t/tX), and both UX and UY by AX (ux¼UX/AX and uy¼
UY/AX), reduces the number of free parameters in the model:
. x ¼ x þ Hðy   s1Þþux
. y ¼ð y þ Hðx   s2ÞÞ=e þ auy
where s1¼
P
XY/AYtY and s2¼
P
YX/AXtX are the dimension-
less cross-activation thresholds, and e¼tY/tX is the ratio of
relaxation time scales in the two pathways; a¼Axtx/Ayty is the
ratioofthemaximallevelsofXandYstimulation andprovides
a measure of the difference in the sensitivity to external inputs
for the two pathways.
In the experiments described in the previous section, both
pathways were activated by heat shocks of identical duration
anditwasfound thatactivationofeitherofthepathwaysledto
ectopic veins, interpreted as the ‘on’state in oursimplemodel.
Analyzingthemodel,wefoundthatsuchsymmetricresponses
require that the two pathways operate on similar timescales
(shaded gray area in Figure 3A). For a given duration of sti-
mulus that isjust longenough to ensureveindifferentiation by
activating one pathway (DtminoDtstimulus   Dtvein differentiation),
the ratio of time scales is bound, even for large values of a,
which can be viewed as a measure of the differences of the
sensitivities of the EGFR and DPP systems to a heat-shock
stimulation (Figure 3B).
Thus, we interpret the co-activation state of the EGFR and
DPP pathways in the provein cells as the ‘on’ state of the
positive feedback system and predict that the two pathways
are operating on similar time scales. To test this prediction, we
Figure 3 Symmetry in EGFR and DPP signaling dynamics. (A) Plot of
parameter space shows that bounded values for e exist for a measured stimulus
of duration, Dt, required for ensuring vein fate induction, given that ectopic
activation of either pathway is sufﬁcient. The shaded region includes values of Dt
and the ratio of time scales, e, that are consistent with symmetric bistable
switching from transient activation of either of the two signaling pathways, X or Y.
The cross-activation thresholds, s1¼s2¼0.5, the exogenous signal strength
(ux or uy), and a are set to 1. (B) Plot of parameter space showing that for a
given transient activation of time, e, is bound and centered on 1, even for a large
variation in the sensitivity ratio, a.( C) Pupae with transient expression of
activated DPP signaling (TKV
QD) by hs–GAL4 were heat-shocked for 30min at
371C at 18h APF. Representative pupal wings (left) are shown with pMAD
staining of indicated pupal stages and with a higher magniﬁcation of the boxed
region (right) between L4 and L5. (D) Representative 22.5-h APF pupal wing
between L4 and L5 with pMAD and dpERK staining of pupae bearing hsp70–
Gal4 and UAS–tkv
QD after 30-min heat-shock treatment at 18h APF. (E, F)
Quantiﬁcation of ectopic pMAD-positive cell number in selected boxed areas
at different pupal stages for (E) hsp704tkv
QD (n¼3 pupal wings) and
(F) hsp704dRaf
DN (n¼3), which were heat-shocked at 371C for 30min at 18h
APF. (G, H) Quantiﬁcation of ectopic dpERK and pMAD intensities at different
pupal stages of a selected boxed area between L4 and L5 of 18h APF pupae for
(G) hsp4tkv
QD and (H) hsp704dRaf
DN that were heat-shocked at 371C for
30min at 18h APF (n¼4).
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pupal stages after the activation of the two pathways by
expressing TKV
QD or dRaf
DN for a short period of time (30-min
heat shock at 18h APF, Figure 3C). Co-staining of pMAD and
dpERK shows strong co-localization (Figure 3D). The number
of ectopic pMAD-positive cells as well as intensity levels of
pMAD and dpERK show similar temporal dynamics (Figure
3E–H) when ectopically stimulating either the DPP or the
EGFR pathway, consistent with the model’s prediction of
equal pathway decay rates and stimulation sensitivities. The
‘off’ state of low PMAD/low dpERK is similarly reached by
transiently downregulating either the EGFR or the DPP
signaling pathways. The switching dynamics to the ‘off’ state
are also symmetric with respect to perturbations of either
pathway (Supplementary Figure S8).
Conclusions
To summarize, we have shown that vein cell differentiation
requires simultaneous activation of both the EGFR and DPP
pathways (in contrast to an earlier model (Sotillos and De
Celis, 2005), which emphasizes the importance of DPP
signaling in regulating differentiated veins). Our results
strongly suggest that their synchronous activation is mediated
by a bistable positive feedback loop that is formed by the
stimulated production of each other’s ligands. A phenomen-
ological model of the system, constrained by the observed
symmetric irreversible switching between the two states of
differentiation, gives predictions on the bounds of system
parameters. In particular, the observed symmetry in vein
differentiation and signaling dynamics after equivalent short
pulses of heat shock suggests that both pathways signal at
similar rates, irrespective of the relative sensitivity of either
pathway to heat shock.
Although our data suggest that the EGFR–DPP system can
functionasavein-differentiationmodulethroughoutthepupal
wing, further work is required to explore its region-speciﬁc
regulation. For example, the loss of veins in response to
transient inhibition ofEGFRand DPPsystemsis limitedtovein
4 in the heat-shock experiments (Figure 2D), indicating that
the essential requirement of both the EGFR and DPP pathways
in vein differentiation might be applicable to a subset of
proveins. Our study highlights the subtleties associated with
establishing the presence of bistable regimes in development,
and the usefulness of simple phenomenological models to
make prediction on signaling dynamics based on regulatory
network topology.
One surprise from the heat-shock experiments was the
decrease in the cluster size of ectopic pMAD/dpERK cells at
long time periods (Figure 3C–E), suggesting a negative
feedback signal, which limits the spread of diffusing ligands.
One such negative feedback mechanism is Notch signaling,
which is found in the proveins on either side of pMAD-
expressing cells (Supplementary Figure S4A–C). In support of
this model, we found that ﬂip-out clones of TKV
QD induced
ectopic N expression in the cells (2–3 cells in the radial
direction) surrounding TKV
QD-expressing cells (Supplemen-
tary Figure S4D–I). Furthermore, ectopic N
ECN clones lead to
ectopic vein differentiation and increased pMAD signaling
(Supplementary Figure S5A–L). However, N
i clones lead to
loss of pMAD (Supplementary Figure S5M–O). On the basis of
the initial spread of ectopic pMAD cells at intermediate time
points, the negative feedback created by increasing N levels
must be operating at a slower time scale (Supplementary
Figure S5P).
Materials and methods
Fly strains and genetics
Stocks used in the studyare UAS–tkv
QD (tkv
Q253D) (Nellen et al, 1996),
UAS–Draf
DN (Brand and Perrimon, 1994), UAS–EGFR
DN (Freeman,
1996), UAS–put
DN (put
DI) (Haerry et al, 1998), UAS–EGFR
l (Queenan
et al, 1997), UAS–rho (Xiao et al, 1996), UAS–N
ECN (provided by S
Artavanis-Tsakonas), UAS–N
i (provided by S Artavanis-Tsakonas),
UAS–dpp (42B4, Bloomington), UAS–sspi (provided by T Schu ¨pbach),
dppP10638 (provided by T Kornberg), rhoAA69 (Nambu et al, 1990),
and hsp70–ﬂp; ACT5C4y
þ4GAL4 UAS–GFP (Ito et al, 1997). To
express UAS transgenes in random clones, we crossed hsp70–ﬂp;
ACT5C4y
þ4GAL4 UAS–GFP ﬂies to UAS transgene ﬂies and raised
the progenies at room temperature (221C). Details are included in the
Supplementary information text. In short, we induced clones in the
resulting larvae at 96–120h after egg laying (AEL; corresponding to
late third-instar stage) by heat shocking for 20min at 371C in a water
bath. This heat-shock regimen resulted in clone induction at the late
third-instar stage, ensuring a large enough clone size without affecting
A–P patterning or provein cell-fate determination as UAS transgenes
are not immediately expressed in ﬂip-out cells when vein determina-
tion takes place (data not shown).
Immunocytochemistry and imaging
The following primary antibodies were used: monoclonal mouse anti-
b-gal (1:1000, Promega), rabbit anti-pMAD (1:100, PS1, provided by P
ten Dijke and C-H Heldin), monoclonal mouse anti-dpERK (1:200,
Sigma), monoclonal mouse anti-Notch (C17.9C6, 1:100, DSHB), and
mouse anti-GAL4 (DBD) (1:100, RK5C1, Santa Cruz Biotechnology).
The following secondary antibodies were used: goat anti-mouse Alexa
Fluor 488, 546 and 660 (1:200, Molecular Probes) and goat anti-rabbit
Alexa Fluor 660 (1:200, Molecular Probes). Immunostaining of
imaginal discs was carried out as described in Yan et al (2004), and
detailed notes are provided in the Supplementary information text.
Fluorescent images were obtained using a Leica confocal microscope
and quantiﬁed by Photoshop image analysis. Adult wings were
mounted in Halocarbon oil (Sigma) in order to preserve GFP activity;
images were photographed using a Zeiss Axiophot microscope.
Supplementary information
Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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